The objective of this study was to determine how alternative on-site wastewater treatment systems (i.e. subsurface flow constructed wetlands, intermittent sand filters and intermittent peat filters) affect the viability and culturability of Salmonella choleraesuis (serotype typhimurium, 
The conventional method of determining viable bacterial cells has been colony counts on culture media. In more recent years, the plate count method has been proven to be occasionally unreliable for the accurate enumeration of enteric bacteria in some aquatic environments (Wagner et al. 1993 ) and evidence indicates that some bacteria may survive for long periods in a viable but non-culturable state (e.g. Chmielewski & Frank 1995; Ravel et al. 1995; Roszak & Colwell 1987; Wai et al. 1996) . Microorganisms may be viable (i.e. capable of growth and dividing) but not form colonies when placed on an appropriate growth medium.
Conventional plate counts may be several orders of magnitude lower than viable counts determined by other measures (Bianchi & Giuliano 1996) . Inhibitory agents in selective media can prohibit the growth of stressed or sublethally injured target microorganisms, which may otherwise be culturable in non-selective media (Moriñ igo et al. 1990) or deemed viable by other detection methods (Kogure et al. 1978) .
Advancements in the application of nucleic-acid-based methods for the detection and identification of microorganisms have expanded our understanding of their distribution, abundance and ecology. Instead of isolating microorganisms from their natural environment and culturing in the laboratory, it is possible to employ other enumeration methods (e.g. FISH, flow cytometry and confocal laser microscopy) to determine bacterial abundances from samples collected directly from the environment (Amann et al. 1995; Lopez-Amoró s et al. 1997) .
Methods like these are of particular interest when attempting to quantify levels of potentially harmful microorganisms, such as enteric pathogens, in ground and surface waters.
Microscopic labeling methods can be used for a variety of environmental samples, including wastewater samples, to detect and compare the removal of enteric pathogens that may otherwise be undetectable through standard plating methods (Wagner et al. 1993) .
The objective of this study was to determine how alternative on-site wastewater treatment affects the viability and culturability of Salmonella choleraesuis (serotype typhimurium). We chose this model pathogen because it is a mild pathogen and a nucleic acid probe has been developed to identify this genus using FISH (see Nietupski et al. 1992) .
The goal was to determine whether Salmonella choleraesuis abundances after wastewater treatment were underestimated by plate counts because this pathogen progressed to a viable but non-culturable state in alternative wastewater treatment systems. We realize that our data set is somewhat limited; however, this was a necessary tradeoff in order to be able to conduct field-scale experiments comparing three treatment systems in summer and winter. The results presented here represent an extension of the basic removal determinations for culturable Salmonella previously reported in Pundsack et al. (2001) .
MATERIALS AND METHODS
Three different duplicated treatment systems were con- In separate experiments, the influent to each alternative wastewater treatment system was spiked with S. choleraesuis cultures. The systems were amended semi-continuously (i.e. one 10 L batch culture per day for 5 -7 consecutive days) during scheduled periods of wastewater loading.
Precautions were taken for all systems to prevent backsiphoning to the septic (dosing) tank. Ambient (background) Salmonella levels of both the raw wastewater influent and the treated effluents were determined prior to spiking the treatment systems with S. choleraesuis. winter (using the viability and removal data from this paper and from Axler et al. (2001) ).
Sample collection and analysis
Triplicate influent and effluent samples for all treatment systems were collected in sterile 50 mL screw-cap centrifuge tubes ( Figure 1 ). Influent samples were collected by taking grab samples from the wastewater influent tank. Effluent samples were taken at the outflow discharge point of each treatment system. Outflows were monitored until Salmonella concentrations reached background levels and remained constant. Additional samples between cells 1 and 2 of the wetlands (midpoint of the overall system) were taken using a peristaltic pump. All samples were held at 5 8C in the laboratory for less than 4 h until further analysis.
Influent (septic tank effluent) and treatment system effluents were assayed for total bacterial abundance, total Salmonella, viable Salmonella and culturable Salmonella. The likelihood that culturable Salmonella detected in treatment system effluents came from the seeded Salmonella cultures was increased because the particular strain of Salmonella used to inoculate these systems was streptomycin-resistant. Further measures were required to differentiate between viable Salmonella originating from the Salmonella culture and from the raw wastewater influent, since the P1200R oligonucleotide probe was only genusspecific.
Cell fixation and direct counting of total bacterial abundance For cell fixation, 10 mL of each sample was put in a sterile 15 mL centrifuge tube with 500 mL of 37% formaldehyde and stored at 5 8C. Subsamples of fixed cells were stained with DAPI (38.5 mg mL 21 ; concentration of staining solution) for 15 -20 minutes and then filtered onto black polycarbonate membrane filters (25 mm diameter; Poretics Corp.). Filters were mounted on precleaned glass microscope slides in immersion oil and a count of total bacteria was determined using epifluorescence microscopy (Porter & Feig 1980) .
Total and viable Salmonella
FISH counts will be referred to as "total Salmonella" abundances in this paper. Total Salmonella abundances were determined in the bacterial community present in the wastewater treatment system samples by epifluorescence microscopy. Salmonella cells were hybridized with a Cy3-labeled oligonucleotide probe (P1200R; Integrated DNA Technologies, Inc., Coralville, IA) specific for this genus' 23S rRNA (Hicks et al. 1992; DeLong 1993; Amann et al. 1995; Pommepuy et al. 1996) .
Cell fixation
For total Salmonella counts, subsamples were fixed with 8%
paraformaldehyde (in phosphate buffered saline) in a 1:1 ratio (sample to fixative) for 2 -24 h at 5 8C. The 8% paraformaldehyde solution was prepared fresh daily.
For direct viable Salmonella counts, a mixture of nalidixic acid and yeast extract (0.002% w/v and 0.025% w/v, respectively) was added to unfixed samples (50 mL mL 21 final concentration), which were then incubated at 37 8C for 6 h (Kogure et al. 1978) . Nalidixic acid was added to inhibit DNA synthesis and cell division and yeast extract to provide a nutrient boost for viable cells to elongate. After the incubation period, cells were fixed with 8% paraformaldehyde and processed in the same manner as total Salmonella samples. The nalidixic acid method detects synthetically active cells (i.e. cells that are growing) and these Salmonella cell counts will be referred to as "viable Salmonella"
abundances in this paper.
Cell immobilization
In preparation for cell hybridization, subsamples of fixed Kimwipe, soaked with 0.5 mL hybridization buffer (no polyadenylic acid (poly A)), in a 50 mL centrifuge tube.
These chambers were equilibrated at 45 8C in a Hybaid oven. Six mL of hybridization buffer þ poly A (0.01%) was added to each well and the slides were then prehybridized in chambers without added probe for 30 min at 45 8C. After prehybridization, 1 mL (50 ng) of Cy3-labeled P1200R probe (20) was added to one well for each sample and the slides were hybridized overnight at 45 8C. The well that did not receive a probe (blank well) was used to enumerate autofluorescing cells. Coplin jars were filled with wash solution (0.2 £ SET) and maintained at 37 8C in a water bath. Slides were washed 3 times for 10 min in this wash solution and allowed to air-dry in subdued light (Stahl & Amann 1991; Hicks et al. 1992; Amann et al. 1995) . 
Total and viable Salmonella counts

RESULTS
To determine the percent contribution of viable
Summer
For summer wetland experiments, total Salmonella concentrations for wetland treatment system effluents averaged 2-7 £ 10 6 cells mL 21 (Figure 2 ). Total Salmonella concentrations were always less than 2.5 £ 10 4 cells mL 21 for sand filter effluents and below the detection limit for peat filter effluents (i.e. ,3.2 -4.2 £ 10 3 total Salmonella cells mL
21
; Figure 3 ). Figure 2 ). There was no difference between percent viable Salmonella in the inocula and treatment system effluents for wetland 2 (Table 1) .
Wastewater flow into wetland 1 was lower than wetland 2's inflow (Table 1 ) and it is likely that the reduced flows (increased hydraulic retention time) in wetland 1 were associated with a greater percent loss of Salmonella viability since this phenomenon was not observed in the higher flow wetland 2.
There were too few samples in which both culturable and viable Salmonella were detected during the summer Table 2 ). Total Salmonella concentrations were always less than 10 4 cells mL 21 (n ¼ 2) for the peat filters, which made it unlikely that viable Salmonella would be detected since these values were near the detection limit (Figure 3) . During the winter, viable and culturable Salmonella concentrations were not different in , respectively) following inoculation with S. choleraesuis during the summer 1998 experiment. Upper cell denotes midpoint samples along the length of the treatment systems; lower cell denotes final effluents. Day 0 represents the first inoculation time, and wetlands were inoculated once per day for 7 consecutive days. Error bars for culturable Salmonella represent the standard error of three determinations.
the sand filter effluents (Figure 3 ; both p's . 0.05). There was no difference between percent viable Salmonella in the treatment system inocula and the treatment system effluents for sand and peat filters ( p's . 0.05; Table 2 ).
DISCUSSION
Culture-based and nucleic acid-based methods for detecting microorganisms in aquatic environments each have certain advantages and disadvantages. A drawback of culture-based methods is that Salmonella which are sublethally injured or starved, yet viable, may not form colonies when incubated in the appropriate growth medium (Pommepuy et al. 1996) .
Ribosomal RNA-based methods can detect non-viable as well as viable microorganisms and thus it is usually necessary to employ a combination of techniques to determine the physiological state of pathogens such as Salmonella (Tolker-Nielsen et al. 1997). In our experiments, the P1200R probe was used to determine total Salmonella.
The same probe in conjunction with the DVC technique was used to estimate the number of viable Salmonella cells (Tables 1 and 2 ). The higher percent contribution of viable Salmonella from raw wastewater for the constructed wetlands (29-67%) may be due to slight differences in system plumbing for the wetlands, potentially allowing a degree of backflow from the point of Salmonella inoculation into the raw wastewater holding tank, or to higher numbers of Salmonella cells in the wastewater dosing tank during the experimental period (Tables 1 and 2 ). During the summer and winter, the raw wastewater contribution was estimated to be less than 1%
of the viable Salmonella observed in the sand and peat filter influents. Thus, viable Salmonella cells observed in these treatment system effluents quite likely originated from the Salmonella inocula. Unfortunately, there were usually too few effluent samples from these systems that contained enough viable Salmonella cells to determine whether the percentage of viable Salmonella was different from the Salmonella inocula.
During winter, .95% of culturable Salmonella cells were removed by these systems and .99.999% of these cells were removed during the summer (Pundsack et al. 2001) . Viable
Salmonella from the raw wastewater influent could account for ,29-67% of all viable Salmonella entering the constructed wetlands during the summer and winter experiments.
Usually, the proportion of viable Salmonella cells in the Lower Cell 2 (E) 4.7 (1.7) 8
a ¼ significant difference between Salmonella inoculum and treatment system effluent Salmonella.
wetland effluents was similar to the proportions observed in the raw wastewater influent. In only one case, the winter wetland experiment, was the proportion of viable Salmonella in the raw wastewater different (i.e. smaller) than the treatment system effluent (Table 2) .
Following Salmonella inoculation, concentrations of total Salmonella would be expected to be high in the treatment system effluents due to the large influx of Salmonella cells from the inoculum. However, high background concentrations of total Salmonella were observed in the constructed wetland effluents, especially during the summer (Figure 2 ). This observation was troubling because, prior to inoculation, high concentrations of total Salmonella within the wetland effluents relative to the raw wastewater influents suggest that Salmonella cells may have been multiplying in these wetlands or the wetland treatment systems may retain Salmonella cells which are later released in the effluent.
We examined all treatment systems with enough viable Salmonella in the effluents to determine whether the physiological character (i.e. percent viable) of the Salmonella cells in the effluents was different from the inoculum.
Wetland 1 was the only treatment system where the proportion of viable Salmonella changed seasonally (Tables 1 and 2 (Hu & Gibbs 1995; Ruiz et al. 1996) . Our investigation confirms other researcher's (Roszak et al. 1984; Chmielewski & Frank 1995) The peat filter east experiment was terminated early because the supply line to PFE froze on the third day of Salmonella inoculation. a ¼ significant difference between Salmonella inoculum and treatment system effluent Salmonella. b ¼ significant difference between raw wastewater Salmonella and treatment system effluent Salmonella.
